Abstract: We report here the results from a modeling study with our Numerical Spectral Model (NSM) that extends from the ground into thermosphere. The NSM incorporates Hines' Doppler Spread Parameterization for small-scale gravity waves (GWs) and describes the major dynamical features of the atmosphere, including the wave driven equatorial oscillations (QBO and SAO), and the seasonal variations of tides and planetary waves. Accounting solely for the solar migrating tidal excitation sources, the NSM generates through dynamical interactions also nonmigrating tides in the mesosphere that have amplitudes comparable to those observed. The model produces the diurnal (and semidiurnal) oscillations of the zonal mean (m = 0), and eastward and westward propagating tides for zonal wave numbers m = 1 to 4. To identify the mechanism of excitation for these tides, a numerical experiment is performed. The NSM is run without the heat source for the zonal-mean circulation and temperature variation, and the amplitudes of the resulting nonmigrating tides are then negligibly small. This leads to the conclusion that the planetary waves, which normally are excited in the NSM by instabilities but are suppressed in this case, generate the nonmigrating tides through nonlinear interactions with the migrating tides.
I. Introduction
Measurements from the ground (e.g., Avery et al., 1989; Manson et al., 1989; Vincent et al., 1989) and with the Upper Atmosphere Research Satellite (UARS) spacecraft (Hays et al., 1994; McLandress et al., 1996; Burrage et al., 1995a, b) have shown that the diurnal tides in the mesosphere and lower thermosphere exhlbit large seasonal variations. It has been proposed that some of the variability is due to modulation by planetary waves (e.g., Teitelbaum and Vial, 199 1; Forbes; 1995 , Fritts, 1995a . The amplitude of the fundamental diurnal tide exhibits large maxima during equinox, which have been attributed to postulated variations in eddy viscosity (e.g., Geller et al., 1997; Yudin et al., 1997) , and to variations in eddy viscosity associated with gravity wave interaction (Akmaev, 200 1 a).
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In the Numerical Spectral Model (NSM) discussed here, the seasonal variations of the fundamental diurnal tide were attributed also to gravity wave (GW) momentum deposition and filtering by the mean zonal circulation (Mayr et al., 1998 (Mayr et al., ,2001a . The seasonal variations of the semidiurnal tide were shown to be affected significantly by nonlinear interactions with the diurnal tide through gravity wave filtering (Mayr et al., 200 1 a). Planetary waves generated internally by instabilities and GW forcing (Mayr et al., 2001b) were shown to produce large amplitude modulations of the diurnal and semidiurnal tides.
The above observations and modeling results refer mainly to the dominant westward migrating tides. In the upper mesosphere, however, the nonmigrating tides also contribute significantly to the observed temperature and wind fields. Based on an analysis of UARS High Resolution Doppler Imager (HRDI) measurements over a period of four years, Talaat and Lieberman (1 999) observed in the diurnal (24 hour) tide above 80 km large amplitudes in the zonal wave number m = 0 and eastward propagating components in m = 1 -3 as well. Examination of the deduced phase structure of stratospheric and mesospheric observations generally suggests that the nonmigrating diurnal tides are propagating up from below (Lieberman, 199 1 ; Talaat and Lieberman, 1999) . However, their excitation mechanisms are not yet fully understood. Forcing of the non-migrating tides due to solar insolation of tropospheric water vapor and stratospheric ozone (the main source for the migrating diurnal tides), and latent heat release, as well as convective or sensible heating cannot produce the amplitudes or seasonal variation observed in the mesosphere (e.g., Miyahara et al., 1993; Ekanyake et al., 1997; Hagan et al., 1997) . As an alternative means to generate nonmigrating diurnal tides, preferential longitudinal dissipation of the migrating tide has been suggested (Khattatov et al., 1996) . Waltersheid et al. (1986) suggested that gravity waves interacting with migrating tides could generate nonmigrating components. Teitelbaum and Vial (1 989, 199 1) proposed that non-linear interactions between migrating tides and planetary waves could generate the non-migrating components. Miyahara et al. (1 999) suggested that nonlinear interaction between waves could produce the nonmigrating tides in their model. Based on simulations with the TIME-GCM model, Hagan and Roble Investigating further the above discussed mechanism, we present a study with the NSM by performing two numerical experiments: one with planetary wave generation, the other without. The results conclusively demonstrate that non-migrating tides, having amplitudes comparable to those observed in the mesosphere, are generated in the model through nonlinear interactions between planetary waves and migrating tides.
Numerical Spectral Model
The Numerical Spectral Model (NSM) extends from the Earth' surface up into the thermosphere were homogeneous boundary conditions apply, and its design and applications have been discussed in the literature (e.g., Chan et al., 1994; Mengel, et al., 1995; Mayr et al., 1998 Mayr et al., ,2001a . The model is driven in the zonal mean (m = 0) by the solar heating due to UV radiation in the mesosphere and stratosphere taken from Strobe1
(1 978), and by EUV radiation in the thermosphere. The radiative loss is described in terms of Newtonian cooling, for which the parameterization of Zhu (1 989) was recently adopted. The tides are driven exclusively by the thermal migrating excitation sources in the troposphere and stratosphere (Forbes and Garret, 1978) . Nonmigrating tides associated with convection or topography are not accounted for. The planetary waves are generated only through instabilities that arise in the mean zonal (m = 0) temperature and wind fields; no planetary wave source of any kind is prescribed in the model.
An integral part of the NSM is that it incorporates the Doppler Spread
Parameterization (DSP) for small-scale gravity waves (GWs) (Hines, 1997a, b) that deals with a spectrum of waves interacting with each other to produce Doppler spreading. Thls in turn affects the interaction of the waves with the background flow, which is important for the dynamics of the middle atmosphere. The DSP has also been applied successfully in a variety of other global-scale models (e.g., Akmaev, 2001b; McLandress, 1997; Mancini et al., 1997) and has been discussed extensively in the literature.
The 3D version of the NSM discussed here differs from the earlier version in that tropospheric heating in the zonal mean (m = 0) is applied to reproduce qualitatively the observed zonal jets near the tropopause and the accompanying latitudinal temperature variations. We earlier applied such a heat source in our 2D version of the NSM to study its affect on the wave driven equatorial oscillations (QBO, SAO). In 3D, this additional heat source also generates planetary waves, excited again by instabilities, which propagate into the stratosphere and mesosphere under the influence of GW interactions.
Model Results
The above-discussed model was run to cover several years, and the results reveal persistent features in the seasonal and latitudinal variations of the migrating as well as nomigrating tides. In this short paper, pars pro toto, we restrict the discussion to the fundamental diurnal tide to describe a particular mechanism that can generate relatively large nonmigrating tides in the mesosphere.
In Figure 1 , we present the computed meridional winds for zonal wave numbers m = 0 to 2 with a period of I day (24 hours), delineating the eastward and westward propagating components. The tidal oscillations were extracted from a period of two months (24 to 36 months) at the beginning of the 3rd computer year near solstice with the Sun in the southern hemisphere. For a running window of 4 days, a Fourier analysis was carried out, and the largest amplitudes are plotted versus latitude and altitude from 70 to 100 km. The lowest 50% of the contours are suppressed, and the maximum wind velocities are recorded.
The computed wind amplitudes in Figure 1 show, as expected, that the westward propagating component (dashed) dominates for wave number m = 1 (with a maximum value of 8 1 d s ) , and it reveals also significant differences between the northern winter and southern summer hemispheres. By comparison, the eastward propagating component (1 6 m / s maximum) is much smaller and does not show up in the displayed contours. We emphasize, that this eastward propagating tide is not generated directly by a specified tidal excitation source. And the same is also true for all the other tidal components in It goes beyond the scope of this paper to provide a thorough understanding of the results presented here, which will require a great deal of analysis not yet carried out.
Instead we discuss here the results from a modeling study that does provide some basic insight.
In Figure 2 we present the computed meridional wind amplitudes at 100 km for the first model year, delineating the total (a) or combined (eastward and westward) tide, and its westward (b) and eastward (c) components. This reveals the characteristic semiannual variation with maxima near equinox, which requires some time to develop but becomes fully developed during the second half of the year. As was evident in our earlier model results (Mayr et al., 2001a) for the combined tide (a), the large amplitude modulations indicate that they are caused by planetary wave (PW) interaction. And the results shown here reveal that this PW modulation apparently affects the eastward propagating tide (c) primarily.
Addressing the relatively large m = 0 tide generated in the NSM, we present in Figure   3a the amplitude modulations (computed with a 3 day window) at 100 km for the first model year. This reveals temporal variations that resemble those for the eastward propagating tide (Figure 2c ). After the initial increase to produce a peak at the time around 2 months, the amplitude decreases and then grows again to reach maxima around 7 and 9 months. For comparison, we also present the computed m = 1 PWs at 100 km for the meridional (b) and zonal (c) winds, which again show a similar pattern. After the initial 2.5 months, the amplitudes decrease and then increase again to reach peak values between 6.5 and 9.5 months -suggesting that PW interactions cause the nonmigrating tides in the NSM.
That PWs indeed are the cause for the nonmigrating tides is seen from the results of a numerical experiment, in which we selectively turned off the solar heating for m = 0 but retained the excitation source for the migrating tides. In this case, apparently, the instabilities that generate the PWs do not develop as is seen from the small amplitudes in 
IV. Discussion and Conclusion
We have shown here for the fundamental diurnal tide that nonmigrating tides, having relatively large amplitudes, are generated in the NSM at altitudes above 80 km. The evidence presented indicates that the nonmigrating tides are caused by nonlinear interactions between the migrating tide and the PWs, the latter generated through instabilities. Nonlinear interactions between long period planetary waves for m = 1 , exp(iS2t k icp), and the westward propagating tide, exp(iot + icp), would yield with R (< o approximately = exp(iot) for m = 0, and = exp(iot + 2iq) form = 2, each modulated by the PW. We have seen from Figures 3 and 4 that this indeed appears to be the explanation for the m = 0 nonmigrating tide. It is also consistent with the results shown in Figure 1 c for the westward propagating m = 2 tide with a period of one day (a), which is relatively large as was pointed out earlier.
The NSM solves the nonlinear Navier Stokes equations and thus, in principle, can account for the above-discussed process. A number of nonlinear processes can come into play, foremost perhaps the adiabatic heating (p.div(V)) that contributes to the relationship between temperature and wind fields shown in Figure 5 .
The NSM also accounts for GW processes and in particular for the filtering of GWs, which can produce nonlinear interactions as we had argued earlier (Mayr et al., 1999 (Mayr et al., , 2001 (Mayr et al., ,2002 . Gravity wave filtering appears to be a natural candidate for generating nonlinear interactions between the QBO and SA0 to produce inter-seasonal variations in the upper mesosphere, between the QBO and the A 0 (annual oscillation) to produce quasi-decadal oscillations, and between the diurnal and semidiumal tides.
In the present case, upward propagating GWs may encounter a PW and amplify it (Mayr et al., 2001b) . This amplification occurs at the expense of the GW momentum flux in one or the other direction, which in turn decreases the flux in one or the other direction. The GW flux, thus modified by the PWs, then encounters the tide and amplifies it (Mayr et al., 2001a) . In this process, the PW modulation of the GWs is transferred to the tide, which represents a nonlinear interaction essentially. Preliminary results from numerical experiments indeed indicate that such an interaction can contribute significantly to generate the nonmigrating tides in our NSM. This process is likely to be less important at lower altitudes where the filtering would not cut as deeply into the momentum flux. But at higher altitudes, it should become increasingly more important as the remaining GW momentum flux gets depleted by absorption and the accompanying filtering. Apart from the fact that the tides and PWs tend to grow with altitude, the nonlinear process of GW filtering on its own thus may become increasingly more important at higher altitudes. All this combined may help to explain, in part, why the nonmigrating tides grow to such large amplitudes in the upper mesosphere as our model results show.
Considering GW filtering, the above-discussed nonlinear interaction between tides and PWs would in fact be "non-local" in the sense that height integration is involved.
Gravity wave filtering by PWs at one height level will affect the interaction with the tide at a higher altitude level, thus producing an accumulative effect higher up. This may in part explain why our model results do not reveal, at a given altitude, a clear-cut correlation between the variable PWs and nonmigrating tides.
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